ABSTRACT: Alkali metal cations (Na + , K + ) and crown ether molecules (12C4, 15C5, 18C6) were used as additional reactants during the hydrothermal synthesis of uranyl ion complexes with cis/trans-1, 3-, cis-1,2-and trans-1,2-cyclohexanedicarboxylic acids (c/t-1,3-chdcH2, c-1,2-chdcH2 and t-1,2-chdcH2, respectively, the latter as racemic or pure (1R,2R) enantiomer). Oxalate anions generated in situ are present in all the six complexes isolated and
INTRODUCTION
The inclusion of a second cation within the lattice of crystalline uranyl ion complexes has proven to be not only a method of increasing the dimensionality of coordination polymers that may be formed but also a means of isolating various uranyl ion clusters and cages. [1] [2] [3] [4] [5] The cations exploited in this way have been drawn from most possible types and include non-metal species such as protonated polypyridines, (alkyl)ammonium ions and phosphonium ions, as well as metal ions in various forms depending upon coligands that they may carry. For alkali metal cations, prediction of the ways in which they might influence a uranyl ion/ligand array is rendered particularly difficult by their variable coordination numbers and flexible coordination geometry. 6 One means of reducing this difficulty is that of attaching a coligand which leaves a limited number of coordination sites available, preferably also with these sites in a particular relative orientation. One ligand group which provides these capabilities for the alkali metal ions is that of the crown ethers, 7 in that with the appropriate choice of ring size for the given metal ion, these can provide an essentially planar garland with divergently directed further coordination sites suited to a limited number of possible bridging modes of the metal ion. [8] [9] [10] Examination of the crystal structures reported in the Cambridge Structural Database (CSD, Version 5.38) 11 shows that crown ethers such as 12-crown-4 (12C4), 15-crown-5 (15C5), 18-crown-6 (18C6) and some of their derivatives have indeed proved useful in the construction of uranyl ion coordination polymers, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] most often in their uncomplexed state, with only some cases involving a complexed alkali metal cation, either Na + or K + . 16, 17, 19, 21 Most of these coordination polymers are based on inorganic ligands such as sulfates, selenates, chromates or phosphates, and only one case with a carboxylate ligand, 1,3-cyclohexanedicarboxylate, is known. 15 The latter complex is a ladder-like one-dimensional (1D)
uranyl-containing polymer with hydrogen bonded 15C5 molecules, which is different from the 
EXPERIMENTAL SECTION

Syntheses. Caution! Uranium is a radioactive and chemically toxic element, and uraniumcontaining samples must be handled with suitable care and protection.
UO2(NO3)2·6H2O (depleted uranium, R. P. Normapur, 99%), NaNO3 and KNO3 were purchased from Prolabo, 1,3-cyclohexanedicarboxylic acid (1,3-chdcH2 were dissolved in water (0.6 mL). Yellow crystals of complex 6 were obtained in low yield within one month.
Crystallography. The data were collected at 150(2) K on a Nonius Kappa-CCD area detector diffractometer 26 using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). The crystals were introduced into glass capillaries with a protective coating of Paratone-N oil (Hampton Research). The unit cell parameters were determined from ten frames, then refined on all data. The data (combinations of ϕ-and ω-scans with a minimum redundancy of 4 for 90% of the reflections)
were processed with HKL2000. 27 Absorption effects were corrected empirically with the program SCALEPACK. 27 The structures were solved by intrinsic phasing with SHELXT, 28 expanded by subsequent difference Fourier synthesis and refined by full-matrix least-squares on F 2 with SHELXL-2014. 29 All non-hydrogen atoms were refined with anisotropic displacement parameters.
Specific details for each compound about disorder effects, twinning and restraints are given as Supporting Information. The hydrogen atoms bound to oxygen atoms were retrieved from difference Fourier maps for compounds 1, 4 (except for one solvent water molecule) and 5, but not for 3 and 6, and the carbon-bound hydrogen atoms were introduced at calculated positions. All 6 hydrogen atoms were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the parent atom. Crystal data and structure refinement parameters are given in Table   1 . The molecular plots were drawn with ORTEP-3, 30 and the polyhedral representations with VESTA. 31 The topological analyses were conducted with TOPOS. 32 Luminescence Measurements. Emission spectra were recorded on solid samples using a Horiba-Jobin-Yvon Fluorolog spectrofluorometer. The powdered compound was pressed between two silica plates which were mounted such that the faces were oriented vertically and at 45° to the incident excitation radiation. An excitation wavelength of 420 nm, a commonly used point although only part of a broad manifold, was used in all cases and the emission was monitored between 450 and 650 nm.
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RESULTS AND DISCUSSION
Synthesis. In general, the conditions of solvothermal syntheses, 33 involving non-aqueous or mixed solvents under moderately high to relatively extreme temperatures and pressures, are such that very little quantitative data are available concerning complexation equilibria, reagent acidity or basicity, reaction rates and the stability of all reactant species. A consequence of this is that the products of solvo-or hydrothermal syntheses are frequently found to contain "unexpected"
components, well-known examples of this being the presence of formate or dimethylammonium ions due to the hydrolysis of dimethylformamide when used as a cosolvent with water. 23, 24, 34 Another example is provided in the frequently observed presence of oxalate anion in complexes isolated from media where this anion was not initially present, 35 although here speculation as to its origin has encompassed a variety of pathways, full elucidation having only been performed in some specific cases. 36, 37 In all six uranyl complexes reported here, obtained from media incorporating crown ethers, oxalate is found as a coligand, although not initially present. Given that the cyclohexanedicarboxylate ligands have been used in solvo-hydrothermal syntheses of their uranyl ion complexes in the absence of crown ethers and have not been found to form complexes also incorporating oxalate, 15, 22, 23 an obvious implication from this work is that crown ethers, over a long reaction period under hydrothermal conditions and in the presence of uranyl nitrate, can be converted to oxalate. This was somewhat unexpected given that one of the first demonstrations of the unique properties of crown ethers was that of the solubilisation of as powerful an oxidant as KMnO4 in apolar solvents 38 and that crown ethers have been used as phase-transfer catalysts in a wide variety of oxidations. 6 An obvious reaction pathway to oxalate would be that of acid-catalysed cleavage of the macrocyclic ether to give ethylene glycol followed by oxidation of this diol to oxalate, an oxidation known to occur with various metal nitrates, 39 although it has only been studied in detail in biological systems, where several intermediates have been identified. 40 Given the 8 instability of uranyl ion complexes of crown ethers in pure aqueous media, [41] [42] [43] it is assumed that intramolecular oxidation of the uranyl-bound crowns would be an unlikely pathway, although it cannot be excluded a priori.
Preliminary investigation using 1 H NMR spectroscopy of the reactions occurring in a D2O
solution of UO2(NO3)2·6D2O (prepared by evaporating a solution of the hexa(protiohydrate) in D2O to dryness twice), 18C6, KNO3 and t-1,2-chdcH2 heated in a sealed tube in the dark at 120 °C for 2 months provided evidence of the very slow decomposition of the crown ether, although only through ring opening. A much faster reaction, complete within a few days, was that of exchange of the methine protons of the diacid and this was accompanied by the formation of some crystalline, pale yellow precipitate. The NMR spectra that were recorded every week did not show any significant change up to 8 weeks. It is important to mention that the solid precipitate previously discussed seems to be degraded after 6 weeks, yielding a brownish solid. Thus, a more prolonged study of the apparently very slow reactions in the preparative media would be necessary to establish clearly the origin of the oxalate anions. Further, the possibility that the reaction may be subject to photocatalysis would need to be explored simultaneously.
On the assumption that the charge on uranyl ion plus alkali metal ion aggregates in solid products would be balanced by that on the dicarboxylate anions derived from the cyclohexane dicarboxylic acids employed in the present work, reaction mixtures were prepared with a uranium:chdcH2 ratio of (approximately) 1:1.5. In the event, the generation of and cocrystallisation with oxalate during the syntheses led to uranium:chdc 2-stoichiometries varying from 1.5:1 (complex 1), through 2:1 (complexes 2, 3 and 6) to 3:1 (complexes 4 and 5). Given the long reaction periods (1 or 2 months) at an elevated temperature (140 °C) and the presence of both nitrate and uranyl ions as potential oxidants (one quite possibly catalysing reaction of the other), it is unsurprising that some conversion of the organic reaction mixture components to oxalate might 9 occur. The degree of conversion is a factor which must limit the yield of the products isolated, clearly in a complicated manner given the varied stoichiometry in regard to the uranium:oxalate ratios (3:1 [(UO2)4Na2(c-1,2-chdc)2(C2O4)3(15C5)2] (2) is one of two complexes obtained from the cis isomer of 1,2-chdcH2, no uranyl complex with this ligand having been reported previous to this work. Uranyl complexes with this isomer appear to be generally much less amenable to crystallization than those of the trans isomer, either in its racemic or pure enantiomeric (1R,2R form). 22, 23 The asymmetric unit in 2 contains four uranyl ions, two c-1,2-chdc 2-ligands in the chiral chair conformation with one carboxylate group equatorial and the other axial, four oxalate anions, two of which are centrosymmetric, and two Na(15C5) moieties (Figure 2 ). Atoms U1 and U3 are both chelated between the two carboxylate groups of one c-1,2-chdc 2-ligand, bound to one more respectively, and Na1 is also coordinated to the uranyl oxo atom O1 with a bond length of 2.502 (11) Å, a value within the usual range for these rather common bonds. 21, [48] [49] [50] [51] [52] [53] [54] The packing displays an alternation of uranyl-containing polymeric sheets and layers occupied by the [Na(15C5)] + appendages. In the absence of water molecules, interactions between the sheets appear to involve largely CH···O contacts of the polyether units. K3, so that here also intersheet links are present. These different environments for the K(18C6) + unit are consistent with what is known from the structure of simpler systems where, for example, acetate is chelated to one face 65 or where amide oxygen donors from a substituted Co III porphyrin bind to the opposite faces (K + thus acting as a bridge for polymer formation). 66 Bridging by K(18C6) + cations thus generates a 3D framework in compound 3, while they are simple decorating species in previously reported uranyl diphosphonate 16 or selenate 17 complexes (as well as K(15C5) + in another selenate complex 19 ). Since the uranyl oxo groups generally point outside on the surfaces of uranyl-based polymeric layers, oxo bonding of the alkali cations is essential here, and the planar geometry of K(18C6) + makes it perfectly adapted to interlayer insertion. (top, atoms U1 and U2), and 5 (bottom, atom U4 and its image by inversion).
bonding to one donor from another t-1,2-chdc 2-ligand (U1 and U2 in 4, U4 in 5). The last two display bonding to one terminal water molecule or hydroxide anion, and chelation by either one t-1,2-chdc 2-and one oxalate ligand (U4 and U9 in 4, U2 in 5), or two oxalate ligands (U7 and U12 in 4, U6 in 5, which have thus no direct interaction with a t-1,2-chdc 2-ligand). Considering the t-1,2-chdc 2-ligands, all in the chair conformation with both carboxylate groups equatorial, their bonding mode to three uranium centres, with 7-membered chelation of one of them, is that found in 2 and 3, and the oxalate anions all act as tetrahapto bridging species involving 5-membered chelate rings. In both cases, a 2D uranyl/t-1,2-chdc 2-/oxalate network parallel to (1 1 ī) is formed.
The four (in 4) or two (in 5) uranium atoms bound to terminal water or hydroxide anions are simple links, as well as the oxalate ligands, and the network has the point symbol {4.6 2 }2{6. 
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When viewed with the uranyl-containing sheets edge-on, the assembly displays an alternation of undulating 2D subunits and separating layers of K(18C6) + counterions, the crown ether molecules being roughly parallel to the layer average plane. Previous experience 22, 23 of the synthesis of uranyl ion complexes of both racemic and enantiomerically pure t-1,2-chdc 2-suggests that any difference between complexes 4 and 5 should be expected to be quite subtle, and indeed this appears to be so. Luminescence properties. The emission spectra of compounds 1-5 in the solid state were recorded at room temperature under excitation at a wavelength of 420 nm, a value suitable for excitation of the uranyl chromophore, 67 and they are shown in Figure 8 ; no sufficient amount of compound 6 in pure form was obtained for emission spectrum recording. In all emission spectra, the vibronic progression corresponding to the S11 → S00 and S10 → S0ν (ν = 0-4) electronic transitions 68 is well apparent, with four or five signals being prominent. The spectrum of 2 is particularly intense and well resolved, and the four main bands [S10 → S0ν (ν = 0-3)], at 480, 500, donors. 24 The bands in the much less intense spectrum of 1 are at the same positions, which is less surprising since two of the three independent uranyl ions in it have six equatorial donors. Although weak, the spectrum of 5 is very close to that of 2, being red-shifted by 2 nm only. In contrast, the spectra of 3 and 4, with the three main signals at 495/501, 517/523 and 541/548 nm, respectively, are typical of complexes with five equatorial carboxylate donors. 24 It is notable that the bands in the spectrum of 4 display clear evidence of additional shoulders, which may be unsurprising considering the number of inequivalent uranyl ions in this structure, but this is not observed in the other spectra.
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CONCLUSIONS
Although the present work concerns but a minor fraction of what would be possible were the full range of known crown ethers and all members of the alkali metal group to be investigated, it does justify the conclusion that crown ether complexes can be used to increase the dimensionality of uranyl ion coordination polymers. This is true only when the alkali metal cation is located at the centre of the quasi-planar crown, as shown by the case of Na(15C5) + , for which the displacement of the cation with respect to the crown plane enables only additional coordination on one side, thus resulting in the group being merely decorating. In contrast, K(18C6) + adopts most often a geometry suitable for trans-coordination to two additional donors. The propensity of alkali metal cations to bind to uranyl oxo groups, associated with the frequent formation of 2D, nearly planar or gently undulating uranyl carboxylate subunits with oxo groups pointing outside, make for a perfect match between these essentially planar anionic and cationic moieties; indeed, in four of the presently Although not initially envisaged as part of the present work, the generation of oxalate under the reaction conditions used has proven to be a useful method of obtaining mixed-ligand uranyl coordination polymers, but it is notable that the deliberate addition of oxalic acid to (solvo-)hydrothermal reaction mixtures often results in the formation of simple uranyl oxalate complexes, thus suggesting that the slow generation of oxalate when formed in situ is possibly a favourable factor.
25
All the present complexes show uranyl ion emission with the characteristic resolution of vibronic fine structure. Although all complexes but one contain solely uranium ions in pentagonal bipyramidal environments, the emission maxima positions span a range wider than usually observed with similar carboxylate ligands. The case of complex 1 is of particular interest in that both pentagonal and hexagonal bipyramidal uranium centres are present but the emission spectrum is close to that typical of a purely hexagonal bipyramidal, tris-chelated species, indicating that emission from the pentagonal bipyramidal centres may be largely absent in this case, though this remains to be established by more sophisticated spectroscopic measurements.
For Table of The propensity of alkali metal cations to be bound to uranyl oxo groups makes K(18-crown-6) + an ideal link between uranyl-carboxylate layers with oxo groups protruding on both sides, thus generating three-dimensional frameworks. In contrast, the non-planar Na(15-crown-5) + cation is involved in additional coordination on one side only and is attached to the layers as a decorating group.
